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FOREWORD

This report summarizes the technical progress and details of the effort performed by Mainstream

Engineering Corporation, 200 Yellow Place, Rockledge, FL 32955, on the Phase II SBIR

Contract NAS3-99077, “Low-Pressure Long-Term Xenon Storage for Electric Propulsion,”

during the period, December 18, 1998 through June 18, 2000.  The report constitutes the final

quarterly report and the final report.
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LOW-PRESSURE LONG-TERM XENON STORAGE FOR
ELECTRIC PROPULSION

Dwight D. Back, Charlie Ramos, and John A. Meyer
Mainstream Engineering Corporation

Rockledge, Florida 32955

I. PROJECT SUMMARY

The objectives of the Phase II research effort were to develop and test a Xenon (Xe) storage
system comprised of an activated carbon (AC) storage bed.   The ultimate purpose of this system
is to provide an alternative means for Xe storage and delivery for ion propulsion thrusters which
is less expensive, is lighter-weight, provides lower storage pressures, requires fewer mechanical
parts, and provides potentially cleaner Xe than compressed gas (CG) storage.

The initial research carried out in this effort was an engineering and experimental analysis of Xe
storage capacities on AC and a comparison of these capacities to existing CG storage.  This
effort then focussed on designing, developing and testing a demonstration breadboard system
which utilizes AC to store and regulate Xe flow.

We conclude from this research that the primary storage of Xe on AC storage provides limited
advantages with regard to weight relative to CG.  There are some scenarios in which this AC
storage can reduce the weight of the flow management system, but the most promising design
would be to use the AC storage in combination with a compressed gas or two-phase storage
system.  The storage of Xe on activated carbon does, however, provide volumetric reductions
and can potentially reduce space-borne pressures in a XIPS system.

Perhaps the best use of AC storage of Xe in XIPS is as a temporary storage media which
decouples the primary CG storage vessel from the thruster and allows for multiple, independent
thruster operations at various flow rates.  The decoupled regulator also isolates the thruster from
the compressed gas storage tank.  It is also possible that the activated carbon with or without a
catalysts such as Ni on silica could further purify the Xe in situ prior to thruster flow.   This
activated carbon storage and flow regulator (ACSFR) also seems to have advantages with regard
to weight relative to currently used regulators.  The system also only uses electrical resistance
heating for flow control and no mechanical or moving parts other than the usual solenoid or latch
valves used in the XIPS system.

We performed over 12,000 minutes of flow tests with ACSFR systems, with flow rates ranging
between 2 and 45 sccm and controlled pressures ranging between about 25 and 300 psia.  For
these various Xe flow scenarios, the net average power consumption was 5 W, the average flow
rate variance was ±1.2%, and the average pressure variance was ±0.48%. The variances could be
reduced by changing the PID control settings for pressure and optimizing the bed size for a
specific Xe application and flow rate.
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II. PROJECT OBJECTIVES

The objectives of the Phase II research effort was to develop and test a Xenon (Xe) storage
system comprised of an activated carbon (AC) storage bed.   The ultimate purpose of this project
was explore and demonstrate alternative means for Xe storage and delivery for ion propulsion
thrusters which is less expensive, is lighter-weight, provides lower storage pressures, requires
fewer mechanical parts, is lower cost, and provides potentially cleaner Xe than compressed gas
(CG) storage.

Initially this project focussed on AC as a primary storage media for Xe.   Engineering estimates
and laboratory capacity studies led us to conclude that primary activated carbon storage has some
advantages over CG storage, but the weight for the system is not appreciably improved if at all.
There are, however, other potential advantages of primary AC storage.  These are lower storage
pressures in space, smaller volumes, and in situ Xe gas clean up prior to use in the thruster.
Owing to the limited advantages of primary AC storage with regard to weight savings, we
explored a related innovative use of activated carbon storage --- as a secondary storage device
which also serves as the flow regulator.  This system was coined an “Activated Carbon Storage
and Flow Regulator”, or ACSFR.  Current flow regulation occurs by dual “bang-bang” valves,
pneumatic valves or other electrically activated valves.  These regulators are generally expensive
and mechanical.

The objective of this project was then to demonstrated and test the ACSFR device under several
flow scenarios.  Flows from about 2 sccm up to 45 sccm were evaluated with the device for
durations and cycles of 15 minutes to 7 hours.

III. WORK CARRIED OUT

The work carried out in this Phase II SBIR can be summarized by the following bullets:

(A.) Activated carbon characterization: Several activated carbons were selected and
characterized for this adsorption capacity with Xe. A range of surface areas,
physical form, and silver impregnated carbons were considered. The
SorboNorit 3 carbon was eventually selected for the ACSFR demonstration
system due to its pelletized form and Xe capacity.  The ultimate capacity of a
carbon is not as critical in a secondary Xe storage device as it is in a primary
Xe storage device.

(B.) Compare AC Xe storage properties to compressed gas: We evaluated the use of
activated carbon for the primary storage of Xe and compared this to
compressed gas storage.  There are limited advantages to using activated
carbon as the primary storage media.  In particular, the gravimetric density and
hence the overall system weight of an activated carbon system offers little if
any advantage over compressed gas systems, but activated carbon can provide
more compact volumetric storage.  There may also be scenarios involving two-
phase or long-term and large quantity storage for which AC would be
beneficial.  Activated carbon can also reduce storage pressures in space which
may reduce explosion risks. Activated carbon and other solid media such as Ni
on silica can also clean the Xe in situ prior to use in the thruster.
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(C.) Develop dialog with industry regarding XIPS systems:  Mainstream contact
companies which manufacture satellites using Xe ion propulsion.  Hughes
offered the most input with regard to system requirements and potential
improvements to existing XIPS technologies.

(D.) Design and fabricate a demonstration system: A demonstration system was
designed and fabricated for testing. This system was comprised of an activated
carbon storage and flow regulator (ACSFR) which served as a secondary Xe
storage device and a flow regulator. The system also included a composite
tank compressed gas storage vessel, solenoid valves, a sintered metal flow
restrictor, and a mass flow meter. This use of activated carbon storage
provides steady, reliable flow control without any mechanical parts, and the
device is inexpensive relative to current regulators which can exceed $90,000
each.

(E.) Perform breadboard tests: The ACSFR system was tested under various
protocols. These protocols were compiled from conversations with Hughes
and NASA-Glenn to represent current ion propulsion systems. The breadboard
demonstration system was fully automated and data-logged using LabView.

Each of the above items are discussed in more detail in the following section.

IV. RESEARCH FINDINGS OR RESULTS

This project researched an alternative to compressed gas Xe storage and flow regulation for ion
propulsion.  The conclusions reached from this research effort are summarized below:

_ Activated carbon used for primary Xe storage does not offer any appreciable weight savings
over compressed gas.

_ Activated carbon used for primary Xe storage can reduce the volume of a Xe storage system.

_ Activated carbon storage could provide slight benefits with regard to weight if used in partial
fill with compressed gas.

_ Activated carbon could be used in a CG combination system to suppress two-phase flow to a
thruster.

_ An activated carbon bed containing Xe and a heater can control Xe flow rates to within about
1.2% of a setpoint over a broad range of pressures (25-300 psia) and flow rates (2-45 sccm).
The variance can be reduced by optimizing the PID control setting for pressure.

_ Power requirements are strongly affected by the bed size.  Average power requirements for a
properly designed ACSFR would be about 0.5-18 watts, depending on the design flow rate.

_ An ACSFR system comprised of an activated carbon bed can reduce mechanical complexity
cost, and weight compared to current Xe flow regulators.   These systems also isolate the
thruster from the compressed gas storage vessel, can potentially clean the Xe further in situ
prior to thruster use, and can provide a simple means to supply multiple, independent
thrusters at variable flow rates.
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_  The flow from the ACSFR can be throttled by applying heat to the activated carbon bed
and/or by heating the flow restrictor.

_ Pressure feedback control of a heater is an effective means to regulate Xe flow from a carbon
bed through a flow restrictor.

The specific areas of work listed in the previous section are now discussed in more detail with
results.

Activated Carbon Characterization
Five activated carbons were characterized by adsorption isotherm measurements.  These carbons
were Norit SUPRA A, SorboNorit 3, Hygene Mark I, Norit 2030, and DARCO KB.  The
isotherms for these materials are shown in Appendix A.  Polynomial curvefits are also shown.
The variable * is the total or net gravimetric storage density of Xe on in the activated carbon
storage vessel: this includes interstitial and adsorbed Xe and has the units of weight Xe per
weight carbon.  For comparison, a figure is also show in the Appendix A which compares Ar,
Kr, and Xe storage on SUPRA A carbon: In general, the capacity of the carbon increases with
molecular weight (and boiling point) in the noble gas group.  Note also the shape of the Xe-AC
adsorption curve.   This type of curve is generally referred to as a Type IV or V, which is
indicative of adsorption with a finite multilayer formation corresponding to complete filling of
the capillaries in the activated carbon material.   

We chose to use the SorboNorit 3 activated carbon for the ACSFR system due to its pelletized
form and capacity.   The SUPRA A carbon had the highest capacity overall and could potentially
be compacted to higher apparent densities.  This material was not used in the ACSFR system
since capacity was not as critical for this type of system and the SUPRA A powder was difficult
to handle and could potentially cause problems in a thruster system if not properly filtered.

Figure 1 is a composite of isostere (constant * or mass) curves for SorboNorit 3 compiled from
a series of adsorption isotherm measurements. Since the charging pressure (PCG), bed
temperature (Tbed), and loading ( *) are related uniquely for each carbon, these isosteres can be
used to design the ACSFR system. In particular, given 1) a prescribed loading * (i.e., the
quantity of Xe needed for one or more thruster cycles) for the storage and flow control unit and
2) the pressure of the CG storage tank PCG (which decreases with life), there is one
corresponding temperature, Tbed=f( *, PCG). For a satellite, this relationship could be imbedded
in a control element.

Compare AC Xe Storage Properties to Compressed Gas
Early in this project we undertook a detailed engineering estimate of the weights and volumes for
activated carbon systems relative to compressed gas storage. Mr. James Sovey of NASA Glenn
provided us with some critical weight data for current systems so that a proper comparing of the
systems could be made. This comparison was made under the assumption that the activated
carbon would be used for the primary storage of Xe. Figure 2 summarizes our calculations using
measured AC capacities for SUPRA A which presented us the best case scenario for activated
carbon.   As shown, the total system weight W* is compared as a function of pressure.  This total
weight is computed using best estimates for existing hardware for a compressed gas storage
system, and then varying weights for hardware in a AC storage system.
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To put the comparison on a common denominator, we assumed the storage vessel was aluminum
with a pressure vessel design using 2.5 for a safety factor.  In summary, the AC storage of Xe
produces total system weights which exceed those for CG with 4 kg additional hardware (i.e., 1
filter, 2 latch valves, 1 solenoid valve, 2 pressure transducers, 1 plenum, 1 service valve, 4
temperature transducers, 3 flow restrictors, and misc. plumbing hardware) for pressures
exceeding around 1000 psia. The AC storage scenario which would produce lighter weight
systems would be a reduction of about 3 kg in additional hardware and/or partial fills of activated
carbon.  That is, the primary storage vessel would be filled partially with activated carbon.

A reduction in hardware is possible since the AC bed would be the flow regulator which can
weigh 1-2 kg.  Lower pressure storage of Xe (less than about 100 psia) also makes AC storage
more advantageous. Using a lighter composite vessel in the design calculations would not
appreciably alter the relative positions of the curves or  these conclusions.  Actual values of W*
for the NSTAR and other NASA systems range about 1.25 to 1.40 based on currently available
data. The commercial systems for Hughes typically have W* values of around 1.22-1.25
(telephone conversation, 2/25/99) which includes 1 regulator, 2 latch valves, 1 pressure sensor,
and pyro valves.

The penalties in weight for an AC system might be acceptable if a reduction in space-borne
pressures is critically important, or if a volume reduction outweighs or balances the increases in
weight.   Figure 3 compares the net density of the AC stored Xe (SUPRA A) to CG.  The
ultimate balance between weight penalties and these other positive factors must be evaluated on
a case by case system and mission.

We return briefly to the concept of partial fills of activated carbon since this led in part to our
final design.  The benefits of a partial AC fill with a CG vessel are two-fold: First, activated
carbon will lower the pressure of the vessel as the temperature drops relative to CG alone, and
second, the activated carbon could be used in a block or cartridge form at the mouth of the CG
vessel outlet to “filter” and adsorb any liquid Xe condensed at the cooler space storage
temperatures.  The later benefit could become more important for higher pressure and density
storage of Xe for longer missions.

The limited benefits of AC as a  primary Xe storage vehicle led us to consider other uses and
advantages of activated carbon in Xe flow control system.  Activated carbon storage is attractive
since heat or electrical power can be used to generate a pressure which in turn can control a flow
rate across a flow restriction.  This process involves no mechanical devices.  After speaking with
Hughes regarding the high cost (approx. $90,000) of current pneumatic regulators used on their
XIPS satellites, and then developing the concept of a partial fill Xe storage vessel, a design a
design evolved which used  AC storage in conjunction with a CG storage vessel.  This concept
could also potentially reduce the cost of the Xe flow regulator by one or two orders of magnitude
and provide other benefits.  We coined this the Activated Carbon Storage and Flow Regulation
(ACSFR) system.

Develop Dialog with Industry Regarding XIPS Systems

We contacted Loral and Hughes to develop an understanding of their needs and requirements in

a XIPS flow and regulation system.  The most useful input was gained from Hughes (Mr. Jerry

Hermel and Dr. Ray Kushida, 2/25/99).  Per Hughes, potential areas of improvement would be:
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i. cost,

ii. hardware simplicity,

iii. Xe purity, and

iv. heat rejection.

Specific system requirements for Hughes XIPS satellites (Dr. Ray Kushida, 6/8/99) are:

(1a.) HS 601 HP XIPS system: 18 mN thrust (T) and 2568 seconds ISP at
5 hours per day.  This equates to Fm=0.72 mg/s or 7.4 sccm Xe for 5
hours per day or about 13 grams Xe per day (Fm=T/ISP/g).

(1b.) 165 mN thrust and 3800 seconds ISP for 30 minutes per day.  This
equates to 4.4 mg/s Xe or 45 sccm for 30 minutes, or about 8 grams
Xe per day.

NASA’s requirements for NSTAR and related systems (Mr. James Sovey, 4/18/00) are:

(2a.) flow range of 6-24 sccm for plenum and 2 sccm Xe for the cathodes,
(2b.) flow rate tolerance of ± 3% but could tolerate ± 5% on plenum,
(2c.) throttling over the plenum range is also important.

We also contacted Space Systems/Loral and received little feedback about their requirements.
An article was also published in the BMDO Update [Back, Summer 1999], and we received
several requests for additional information.  We have also spoken briefly with JPL regarding our
BMDO article and activated carbon storage concepts.

Design and Fabricate a Prototype Demonstration System
To demonstrate the ACSFR concept, we designed and fabricated a breadboard Prototype system.
A photograph and schematic of the system is shown in Figures 4a and 4b.  There are components
in the system of Figure 4b which would not be necessary in an actual system. Many of these
components were included in the breadboard prototype to provide additional design and
performance data.  For example, only one pressure transducer would be needed, and only 2 latch
valves would be needed. The pressure transducer located between the CG vessel and solenoid 1
is not needed, and the solenoid 3 is not needed.

For the prototype system a spherical Al-lined composite tank (Lincoln Composites) having a
volume of 67 in3 (1100 cm3) was used for Xe compressed gas storage. This CG vessel weighs
486 grams. A smaller ACSFR vessel was fabricated from 304 stainless steel spherical vessel
having a nominal internal diameter of 2.15” (volume of about 85 cm3).  A series of photographs
of the ACSFR is shown in Figure 5.  The weight of this SS sphere is about 90 grams.  This
sphere has a wall thickness of 0.045” which could be reduced, and the sphere could also be made
of Al or Ti.  Using pressure vessel design formulas, the weight of an Al sphere rated to 1200 psia
with a safety factor of 2.5 would weigh 30 g.  We originally went through several iterations
fabricating this vessel from Al to reduce weight but were unable to qualify the vessel for the
pressures needed in the application. We believe these difficulties were caused by thermal stresses
induced from cooling the vessel after welding the two hemispherical pieces.

The 2” SS sphere is fitted with a thermal well, a port for a cartridge FireRod® heater, and inlet
and outlet ports for Xe flow.  The design uses an Al extended fin surface attached to the internal
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heater.  The FireRod® heater is rated at 50 W/24 VDC which should be well oversized for this
system.  The Firerod® heater to be used in the 2” SS ACSFR sphere weighs 36 grams (includes
NPT fitting and leads).  The additional extended surface area fin (1/16” Al) attached to the
Firerod® heater weighs 16 grams.  The fins could be reduced in weight by using thinner Al.
The K-type thermocouple used in the ACSFR sphere weighs 15 g.

The solenoid valves used in the test system are 120 VAC ASCO RedHat II valves (1500 psia),
weighing 616 g each.  We originally planned to use VACCO latch valves which weigh about 340
grams.  However, due uncertainties in contract extensions at the time, the long lead time, and
cost of these valves we decided to use a more readily available 120 VAC valve.   The latch
valves used on NSTAR weigh 0.23 kg/2 or about 115 grams, and the solenoid valves weigh 430
grams each.  The control logic for the system will not be affected by using these surrogate
solenoid valves, but the weights will obviously not be representative.

The pressure transducers which will be used are MSI Model MSP400. These weigh about 105 g
each including leads.

A total of 4 flow restrictors were procured from Mott for flow testing.  These restrictors are
characterized by

• 300 psia to 35 psia; nominal 12 sccm air
• 150 psia to 35 psia; nominal 12 sccm air
• 65 psia to 35 psia; nominal 12 sccm air
• 45 psia to 35 psia; nominal 12 sccm air

The weight of these restrictors including the M-M Cajon VCR fitting is 39 grams each with
actual sintered metal restrictor weighing less than 1 gram of this total (i.e., most of the weight is
the fitting).

Filters (0.5 µm and 10 µm) were also present in the system.  Each weighs 0.75 g and we used a
total of 3, or 2.25 grams.

We also added insulation to the 2” ACSFR sphere.  The sphere was wrapped with 1/8” ceramic
wrap having an Al oxide base which in turn was wrapped with a 3 mil thickness high
temperature fiberglass tape reinforced with Al.  This wrap had a weight of about 70 g.  We also
added a 4”x4”x4” fiberglass block machined out for sphere for most of the breadboard tests, but
this would not be necessary for an actual system, nor was the weight, and size of the insulation
optimized. The weight of the 4”x4”x4” fiberglass block was about 273 grams.

A 24 VDC power supply, simulating power available on a satellite, was used to excite and power
the 24 VDC devices.  Other amplifiers, power supplies, and I/O modules were needed to provide
power to the 120 VAC solenoids and flow meter and to communicate with the computer. The
weights for these devices are only to simulate and support the primary components and hence are
not important in overall weight comparisons.

LabView was used to develop the PID control strategy for the system, and to monitor the system
power, pressures, temperatures, and flow rates.  The program and GUI written for this project is
given in Appendix B. In a production system, this controller would be replaced by a
microprocessor or PLC.  A PID controller which could be used on the Prototype system is a



NASA/CR—2001-210765/REV1 8

Watlow Model 93BB-1DA1. This controller has additional readouts and packaging which would
not be necessary for a production unit.  The actual board in the unit weighs about 105 grams.

The plan was to test a system comprising about 1-2 kg Xe. For example, the 1100 cm3 composite
vessel loaded to 1000 psia at 25 C (Z=0.327) would provide about 1.2 kg Xe for testing.  Since
our compressed gas supplier could only supply Xe gas at 550, 650 and 850 psia, and composite
cylinders were only available off-the-shelf in specific sizes, the maximum quantity of Xe
contained in the CG vessel was about 0.63 kg during testing.

TABLE 1 – Component Weights

Component Weight (grams)

(1) Composite vessel for CG, 1100 cm3 486
(1) Pressure transducer 105
(1) Thermocouple 15
(1) ACSFR System: 85 cm 3 SS spherical vessel@90g, heater including
fins@52g, activated carbon@27g, flow restrictor@39g, insulation@70g

278

(3) Sintered metal filter gasket 2
(1) tubing and fittings, wires (assumes NSTAR weights-estimate) 640
(1) service valve (assumes NSTAR weight) 120
(2) latch valves (assumes NSTAR weights) 230

TOTAL 1,876

Table 1 summarizes the component weights listed above.  In the NSTAR system, a dual solenoid
“bang-bang” regulator is used.  One Moog model weighs about 200 grams.  The NSTAR system
also includes 2 additional pressure transducers (230 g each), 3 additional temperature transducers
(10 g each), and 1 plenum (1,500 g), which totals about 1990 grams.  To make a comparison of
an equivalent NSTAR-like system to that of Table 1, eliminate the 278 grams for the ACSFR
System and add in 200 grams for a “bang-bang” regulator and another 1,990 grams for the
additional hardware.  The total weight would be about 3,788 grams, or twice as heavy as the
ACSFR regulated system.  The ACSFR system also eliminates the mechanical “bang-bang”
regulators.  Note also that if an Al ACSFR vessel were used, an additional 60 grams would be
cut from the ACSFR System.

A pneumatic pressure regulator built by Moog (and assumed to be similar to that used by
Hughes) weighs about 450 grams and a series redundant model would weigh 900 grams.  This
weight can be compared to the 278 grams for the ACSFR system.  Assuming a system similar to
that of Table 1 and a single pneumatic regulator, the total weight would be about 2,053 grams,
slightly more than the ACSFR regulated system.  The cost of the ACSFR system has also been
estimated to be one to two orders of magnitude lower than the $90,000 pneumatic regulators.

Perform Breadboard Tests
A series of flow tests were performed on the breadboard Prototype system.  A total of more than
12,000 minutes of flow tests were made with this final breadboard system over flow rates
ranging from about 2 sccm to 45 sccm.  We also undertook a series of preliminary tests for
several hundred minutes using Ar, Kr, and Xe.
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Protocol guidelines were first established to cover the various requirements and flow protocols of
NASA and Hughes.   These were compiled from bullets (1a.), (1b.), and (2a.)-(2c.) earlier in this
sections.  They are:

Protocol "A" 7.4 sccm for 5 hours (Hughes HS 601 HP)

Protocol "B" 45 sccm for 30 minutes (Hughes HS 702)

Protocol "C" 2 sccm (approx.) for long duration (NASA, simulated cathode flows)

Protocol "D" 6-24 sccm for varying duration’s and throttling (NASA, plenum flows)

Protocol "E" Repeated ACSFR fill and flow cycling, various flow rates

The ACSFR functions in the following procedure:  (1) The propulsion system signals the Xe
flow control system to prepare; (2) The heater in the ACSFR system activates and pre-heats the
carbon bed.  Typical pre-heat times are 15 min to 1 hour (depends on PID controller settings); (3)
At the end of pre-heat, the downstream latch valve opens and the Xe flows from the ACSFR to
the thruster. Electrical power is supplied to the heater in the ACSFR to control the pressure
upstream of a flow restrictor which in turn controls the flow rate; (4) After completion of a
thruster duty cycle, the downstream latch valve is closed, and the regulator is incrementally
heated to temperature Tfill (Note that the regulator will have already been heated from the
previous thruster cycle so only incremental heat is needed at this point); (5) The upstream latch
valve is opened between the tank and ACSFR regulator and the Xe charge is established in the
regulator prescribed by the pressure-capacity relationship of the carbon at Tfill;  (6) The upstream
latch valve is then closed, and the regulator cools until the next thruster duty cycle begins.

A table summarizing the results of the final breadboard Prototype tests using Xe is given in
Appendix C.  This table shows the average flow rates and %variation (1 standard deviation) for
the pressure and flow rate.  The duration of the flow is given as well as the average power usage,
temperature range for the carbon bed during the flow cycle, the temperature range of the Xe flow
exiting the ACSFR, and the controller settings (PB=proportional band, I=integral time constant,
D=derivative time constant).  The “test protocol” column refers to the objective of the particular
experiment as listed above.  Graphs of flow rate and bed pressure or temperature with time for
each of these experiments is given in Appendix D.

Referring to the graphs in Appendix D, a spike in flow rate is observed at the start of each flow
cycle.  Note the absence of any corresponding pressure spike which would have to be present to
drive any large spike in true flow. We determined that this effect was a result of solenoid magnet
interference and other electrical noise on the Aalborg flow meter.  We contacted Aalborg and
were unable to resolve the problem.  This spike is not attributable to any flow disturbance in the
system since the magnitude of the spike would require pressures several times larger than those
present anywhere in the system and we were also able to reproduce the spike at will by opening
and closing valves or power cycling the flow meter. Experiment test1a-6-13-00 illustrates the
false spikes which can be generated in the Aalborg flow meter—these spikes were intentionally
induced to illustrate the magnitude and nature of the false flow reading.  The spikes were filtered
out of the averaging process for flow rates reported in the table of Appendix C.

The earlier experiments with the breadboard system also experienced some electrical noise and
interference, some related to our external power processing boards. We later resolved this
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problem and also replaced computer memory which was also causing some control problems
with the LabView program.

We will now walk through most of the experiments shown in the table of Appendix C and the
graphs of Appendix D.  In these plots, the Xe flow rate is always shown, and the carbon bed
temperature or pressure is then shown on the other Y-axis.

Test2a-3-30-00 is an experiment showing how the ACSFR can be used to throttle different flow
rates separated by 30-45 minutes all from a single Xe change on the ACSFR (i.e., no refill from
the CG tank in between flows). As mentioned above, the spike on the first curve is “false” due to
electrical/magnetic interference between the flow meter and solenoid valves. The PID controller
settings are not optimal as can be seen by the slow ramp up an overshoot near the start of the
individual flow cycles.  We were also experiencing electrical noise in the I/O modules which was
later corrected.

Test1a-4-03-00 is an experiment similar to the previous.  The flow ranged from about 35 sccm to
5 sccm from a single charge on the ACSFR bed.  The temperature of the bed varied from about
80 C to 130 C during the last 2 hour flow cycle.

Test1a-4-05-00 is an experiment illustrating a full cycling of the ACSFR bed with complete
“flow and refill” cycles. The flow rate varied within ±1% for four 30 minute cycles where the
bed temperature ranged from about 50 to 140 C each time.  The power requirement for these
cycles was about 14 watts.  The PID control parameters were varied throughout the run and were
not optimized.

Experiment test1a-4-06-00 was a long duration flow test of 300 minutes and 7.41 sccm Xe.   The
flow varied by 1.1% over this 5 hour period. The carbon bed was heated from 39 to 174 C during
the 5 hours, and the average power consumption was 5.3 watts. We were still experiencing some
anomalous pressure spikes which resulted in flow perturbations: these were later resolved to be
related to the controller settings and connections in the I/O module.

Test1a-4-10-00 shows another series of complete fill and flow cycles at about 35 sccm.  At the
end of the third cycle the setpoint was lowered to throttle down the flow.

Experiment test1a-4-11-00 is another example of complete fill and flow cycling with the Xe flow
varying in magnitude and duration.  There are still some notable fluctuations in pressure die to
the controller settings which were being varied.  These resulted in some flow rate perturbations.

Test1a-4-13-00 shows another series of complete fill and flow cycles at about 35 sccm.  The
temperature ranged from about 30 C to 200 C during the Xe flow cycles.  The power usage was
about 18 watts during the 40 minute cycle which is directly related to the low * and high
temperatures that the bed was driven to (i.e., the enthalpy of desorption increases with * so
more energy is required to maintain the flow rate as the bed depletes so the bed gets hotter and
then there are more heat losses).  Note also that the temperature of the gas flowing through the
flow meter only varied by a few degrees (see the Table in Appendix C) even though the bed
temperature approached 200 C. This suggests that the slow flow, expansion through the
restrictor, and flow through the tubing was enough to cool the gas stream back to around
ambient.
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Test1a-4-14-00 is an experiment with 3 separate fill and flow cycles, each with a 60 minute flow
period.  This might simulate 3 days in a thruster cycle using 32.5 sccm Xe for 1 hour each day.
For this experiment, the 60 minute cycle required about 11 watts. Different PID settings were
used for the pressure control.  The differences in the flow and pressure oscillations can be noted
in the graph.

Experiment test1a-4-17-00 is another full cycling fill and flow example.  PID control is being
varied between the two 60 minute flow cycles, and the power usage was about 10-11 watts.

Test1a-4-18-00 is a throttling example with flow rates ranging from 20 sccm to 7 sccm.  The PID
controller is not optimized but this plot gives a general idea as to the time scales involved with
switching from one flow rate to another without closing off the latch valve to the thruster.

An example of a throttling down from 7 sccm to about 2 sccm followed by a long 2.2 sccm flow
is shown by experiment test1a-4-19-00. The PID control parameters were being changed
throughout the experiment which caused oscillations in pressure and flow.

Test1a-4-20-00 is a long duration low flow rate experiment with an expanded Y-axis from
0-3 sccm. Aside from the initial overshoot and oscillation caused by the PID controller settings
used in the experiment  the flow is very steady at 2.22 sccm ±1.62% for 7 hours. The power
usage is minimal at these low flow rates, averaging about 2.1 watts with a range of 0.9 to
3.3 watts.  Note that the power usage dos increase with time because the bed is getting hotter (see
Appendix C and the power usage for each hour segment of the run).

Test1a-4-25-00 is just another example of repeated flow cycles using different PID control
parameters.  The initial overshoot in the pressure curve is during the preheat cycle which settles
before the downstream valve opens and allows flow.

Experiment test1a-4-26-00 is another series of repeated flow cycles at 12.5 sccm.  The flow
variance for these runs were about 1.5%, and the average flow rates for each 30 minute series
varied by only 0.15%. Since all of these 30 minute flow cycles were from a single ACSFR
loading, the temperature increased during the run and so did the power consumption (due to the
depleting bed and smaller *). For the first and last 30 minute flow, 2.2 and 3.8 watts,
respectively, were required.

Test1a-4-27-00 is yet another series of repeated flow cycles at 12.5 sccm.  The PID control
parameters were being varied during this run which caused some of the oscillations.

In test1a-5-01-00, the flow throttled down from about 25 sccm (100 psia setpoint) to 13 sccm
(60 psia setpoint) in 17 minutes, and then throttled back up from 13 sccm to a stabilized 20 sccm
in about 10 minutes.

Test1a-5-02-00 is an example of throttling flow rates with the pressure being dropped while the
downstream latch valve is closed.   That is, the varying flow rates are separated by now flow at
which time the bed is cooling and the pressure dropping toward the next lower pressure setpoint.
During the last segment of this experiment, the pressure setpoint was increased in increments of
5 psia every 5 minutes—at each step there is some overshoot and the net throttling change is not
smooth. We conclude that throttling would be best accomplished by optimizing the controller
settings and increment the setpoint in a single step.
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Test1a-5-03-00 shows a series of fill and flow cycles.  The CG tank was at a pressure of about
425 psia during the fills, and the carbon bed was heated to 125 C.  The PID control setting were
again varied somewhat during this run.  The first two flow cycles had an activated carbon bed
pressure set point of 140 psia, and the last flow cycle had a setpoint of 150 psia.

The experiment of test1a-5-04-00 shows yet another series of fill and flow cycles.  The CG tank
was at a pressure of about 400 psia during the fills, and the carbon bed was heated to 125 C.  The
PID control settings were constant during these 45 minute flows at 32 sccm.  The temperature
varied between about 40 and 120 C during each flow period.

Test1a-5-05-00 and test1a-5-08-00 are good example of pressure setpoint variation between fills
from a CG tank at 300-350 psia.  Xe flow rates are varied between 12 and 32 sccm with a
variance of 1-2% separated by 1-2 hours with the downstream latch valve closed. Again, note the
“false” spike in flow for the first flow cycle of test1a-5-05-00.  This spike is not always caught
by the data-logger since the logging increment was every 10 seconds.

In test1a-5-10-00 at the end of the run the flow rate was throttled from 25 sccm to 10 sccm in
about 7 minutes.  The beginning of this throttling run is obscured by the false spike.

Test1a-5-15-00 is a long duration, low-flow experiment.  The flow rate was 2.0 sccm ±2.1%, and
the average power usage was 1.4 watts for 6 hours. There was a false flow spike at the start of
the experiment. The activate carbon bed temperature varied from 28 to 57 C during this 6 hour
run.

The remaining tests were performed at the Cohen-Coon PID controller settings for pressure.
Test1a-5-18-00 is a series of flows from a single ACSFR loading.  The false spike is present on
each curve with no corresponding pressure spike.

Experiment test1a-5-19-00 is a 5 hour and a 1.5 hour flow cycle at a nominal flow rate of
7.4 sccm.  These two flow periods were separated by a fill from a CG vessel at 220 psia.  The
variance in flow is improved using the Cohen-Coon PID settings for both pressure (±0.08%) and
flow (±0.6%).  The temperature ranged from about 30 to 105 C for the 5 hour test, and 75 to
105 C for the 1.5 hour test.

Test1a-5-22-00, test1a-5-23-00, and test1a-5-24-00 are very good examples of the tight pressure
and flow control with the Cohen-Coon PID settings. The flow was controlled to within about
0.5% for a period of 5 hours and a temperature range of 40-150 C. The ACSFR was filled from a
CG vessel at 400-450 psia for these experiments.

Test1a-5-25-00 is a series of repeated flow cycles from a single ACSFR loading at about
450 psia.  Again, the pressure and subsequent flow control were very tight for this experiment,
even though the temperature of the bed varied from 45 c to about 130 C during the 5 cycles.

Experiment test1a-5-25-00 shows two major flow cycles, for 2 hours at about 5 sccm, and
another for about 90 minutes at 3 sccm.  The false electrical spike is very obvious in this graph.

Test1a-5-30-00 and test1a-5-31-00 show repeated 30 minute flow segments from a single
ACSFR loading, each separated by 15 minutes of “OFF” flow.  The flow rates were typically
2.4 sccm ±1.2%.  The flow was throttled from 2.4 sccm (110 psia) to 25 sccm (500 psia) in about
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11 minutes at the end of the test1a-5-30-00 run. Power usage was generally 0.5-2 watts during
these cycles.

Numerous 2.4 sccm flow segments are depicted in test1a-6-01-00. The flow and pressure
properties for this experiment were very similar to the previous.

Test1a-6-02-00 is a series of 4.5 sccm flow segments from a single ACSFR loading.  Very tight
flow variances, typically less than 1%, were measured for the 15 and 30 minute segments. The
temperature varied from about 38-100 C during the run, and the power consumption also
increased from about 1.6 watts to 5.5 watts between the first and last flow segment.

Test1a-6-05-00 is a series of 7.4 sccm flow segments from a single ACSFR loading. Very tight
flow variances, typically less than 0.5%, were measured for the 15 minute segments. The
temperature varied from about 50-120 C during the run, and the power consumption also
increased from about 2.4 watts to 6.9 watts between the first and last flow segment.

Test1a-6-06-00 is a series of 10.5 sccm flow segments from a single ACSFR loading. Very tight
flow variances, typically less than 0.7%, were measured for the twelve 15 minute segments.

Experiment test1a-6-09-00 is a series of three flow segments using a CG vessel fill at about
400 psia.  The first two segments are 10.5 sccm, and the last is at 13.7 sccm.  Flow variances
again were less than 1% and the power usage was 2-4.4 watts.

Test1a-6-15-00 is a high flow rate example.  At this flow rate, the bed depletes very quickly and
the temperature rise is rather rapid.  This is due to the size of the carbon bed relative to the
loading and required flow rate.   Optimally, a larger bed would be used for this flow rate since
the power usage would be much reduced (i.e., it is a function of temperature, and with a larger
bed the temperature would not rise as quickly as in this example).  The flow rates were about
43.7 sccm ± 0.7% for 13-15 minutes.

Test1a-6-16-00 is a final example of  a high flow rate.  The first flow segment of this experiment
was run to bed completion to illustrate what happened to an undersized bed. For the first
12 minutes of this run the flow was fairly steady at 44.9 sccm ±0.64%. The bed temperature
ramped from 27 to 129 c during this period and then continued to heat to 200 C. The oscillation
of temperature at the end of this first segment was due to a temperature limit we placed on the
system.  During the segment flow segment after a 600 psia refill from a CG vessel, the flow rate
was 44.8 sccm ±0.64% for 10 minutes.

The power requirements for the pre-heat cycle are always less than that for the flow cycle
roughly by the heat of desorption of the activated carbon.  In general, the power requirement
during pre-heat ranged between about 25 and 75% of the power requirement for the flow cycle.
The power for pre-heat is highest when the bed us the hottest and when the flow rates are small
since in these cases the heat losses by convection are much larger than the heat input needed for
Xe description from the activate carbon.

In summary, these breadboard tests demonstrated the versatility and accuracy of Xe flow control
which can be achieved using an ACSFR system.  The ACSFR device for a specific XIPS system
would be optimized by carbon weight, heater size, restrictor, and PID control settings for the
pressure range of interest.
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V. TECHNICAL DETAILS

The flow rates for these test-out runs were generally controlled within 1.2% and the pressures
were controlled to within about 0.48%. Some of this variation is due to the rise in temperature of
the bed during the run, and some is due simply to the controller settings which were varied
through the runs.  The temperature inversely affects the flow rate which can be seen
mathematically by an equation describing flow through porous media:
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Where Vs is the standard-condition volumetric flow rate (e.g., sccm), µ is the viscosity, A is the
flow cross sectional area, Ts and Ps are the standard T and P (constants), M is the molecular
weight of the gas, R is the ideal gas constant, p1 and p2 are the upstream and downstream
pressures, and  and  are constants for a the porous media.  As T increases, the second term in
the square root radical decreases and in the limit approaches 1 so that the entire bracketed term
decreases and approaches 0.  So, as the temperature of the bed and thus the flowing gas increases
during the flow cycle and the pressure is being controlled, the flow rate can decrease.  We
corrected the flow for temperature in the LabView program and found that the variation of the
exiting gas stream was generally very small (See the table in Appendix C).

We found that the PID pressure control settings had a significant effect on the pressure and flow
variations and also the required pre-heat time.  These settings can of course be optimized for a
specific system.  With the breadboard system we found the best control with Cohen-Coon (C-C)
settings—these were used in all of the later experiments after 5/18/00.  These recommended
settings can be found in any Process Control text book and are determined by performing step
changes in heater power and measuring the pressure or temperature change.   The C-C settings
for controller heater power to the carbon bed during flow were PB=16.4, I=3.5, and D=0.53.  We
also used 3 different controller settings: 1 set for flow control, 1 set for static pre-heat control,
and another set for temperature control when filling the bed from the CG tank.

The temperature of the ACSFR bed during fill from the CG would be controlled using an
equation generated from adsorption measurements.  This temperature as mentioned earlier is a
function of the desired bed loading of Xe and the pressure of the CG tank which varied during its
mission as Xe is depleted.  We can illustrate one such equation for the SorboNorit 3 activated
carbon. Using a multivariate linear curve fit with 11 variables and 97 data points the following
equation was found to represent the data well.
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where

a0= -8.087 a13= 0.6696 a15= -0.000265

a20= 670.3 a21= -2.589 a22= 0.000845

a23= -632.3 a24= 3.614 a25= 0.000127

a26= 199.6 a27= -1.043 a28= -0.00105

The R2 is 0.99498, the standard deviation is 5.134 K, and F statistic for the model is 1531.4,
which illustrates that excellent models of Tfill=f(P, *) can be developed from activated carbon
adsorption data.

The manner in which this equation or something similar would be used is as follows: (1) The CG
tank pressure P is read by pressure transducer; (2) the capacity * corresponding to a particular
Xe loading is inputted or kept constant for a mission in which case the equation 1 above is just a
function of P, and (3) the required temperature Tfill is determined.   The carbon bed is then heated
to this temperature with the latch valve connecting the CG tank and ACSFR bed opened.

To evaluate the concept of adding a catalyst or other Xe purifying adsorbent to the activated
carbon bed we performed a series of gas chromatograph (GC) tests. Our results with Ni on silica
were inconclusive, mainly because the resolution of our instrumentation was too large for the
purity of interest. The purity of our supplied Xe is quoted as 99.995%.  A much high quality GC
coupled with mass spectrometry would be needed for the high purities of Xe used in propulsion
systems.

The Aalborg flow meter used to measure the flow rates of Xe in this research required a
temperature correction.  This was implemented in the LabView program, and the equation given
to us by Aalborg was:

Fm(actual) = Fm [1 - (Tgas - 20)*0.0015] (3)

Where Fm is the flow rate, and Tgas is the gas temperature in C for gas flowing through the flow
meter.  As the temperature increases, the flow rate of the gas is corrected downward.

Were unable to get 45 sccm for 30 minutes per protocol B.  We do however have data for 10-15
minute cycles.  We could not achieve 30 minute segments because of the combination of flow
restrictors, ACSFR bed size, and heater. A larger bed would have allowed for a larger loading
and hence a longer flow time of 30 minutes.  A different flow restrictor with this same ACSFR
would have allowed for a higher activated carbon loading and flow pressure. A larger heater (i.e.,
> 50 W) would have kept the bed at proper temperature corresponding to the desired pressure
setpoint up to about 200 C. This points out some of the critical design parameters for the
ACSFR.  For this particular high flow rate case, the optimal design would be a larger bed
whereby the temperature of the bed would remain lower throughout the flow cycle, and the * of
the bed is rapidly decreasing.  From the Phase I effort, we were able to show that the enthalpy of
desorption approximately decreases with * by:

Hdes = a(T) – b(T) ln( *) (4)
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where a(T) and b(T) are greater than 0. Since the power requirement to the heater can be
represented by:

P = Fm Hdes + Qloss (5)

Where Fm is the Xe mass flow rate, and Qloss are heat losses from the ACSFR (e.g., radiation,
convection). As * decreases, Hdes increases and the power requirement increases. The
increased heat requirement increases the bed temperature rapidly and then there are more
resulting heat losses.  For * to remain higher during the flow cycle, thereby keeping Hdes

smaller, the bed must be sized larger so that any depletion of the bed, flow time* Fm, does not
ever reach the total mass loading of the bed. For this particular case, of a high flow rate ACSFR,
we would probably resize the bed by doubling its volume (and mass of carbon)—the 2” sphere
would become a 2.5” sphere with about 55 grams of carbon.

VI. TECHNICAL MERIT AND FEASIBILITY ASSESSMENT

We have demonstrated an alternative Xe storage and regulation system using activated carbon as
a secondary storage media.  The following bullets summarize the measured performance of the
system:

• Flow rate variance at an approx. 2.4 sccm setpoint typically ranged between about ±1
and ±1.5% for periods ranging from 15 minutes to 7 hours. The PID controller
settings have a moderate influence on these variances.

• It is important to optimize PID controller settings for pressure.

• Flow rate variances for an approx. 7.4 sccm setpoint for 5 hrs. were between about
±0.5 and ±1% depending on the PID controller settings.

• Flow variances for the highest flow rates of 32-45 sccm were generally less than
about ±1%, but these again were a function of the PID controller settings.

• The flow rates of Xe were very repeatable to within about ±0.4% in multiple cycling
at 2 to 45 sccm.

• Throttling between flow rates (e.g., 2.5-25 sccm) can be very rapid and on the order
of minutes using a 50 watt (max.) heater.

• Power requirements range from about 0.6 to 50 W for flow rates of 2 to 45 sccm,
respectively. A properly sized ACSFR should require about 0.5-18 watts of power.
This power is only needed during the flow cycle and the pre-heat cycle before flow.
The power requirements for a given flow can be reduced by increasing the size of the
bed.
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Other features of this type of storage and regulator system are:

• The weight of the ACSFR System is less than the flow regulation systems used on
government and commercial systems.

• Potentially can further purify carbon in situ since adsorbents can remove impurities
from the Xe vapor introduced by system contaminants or present as gas contaminants.
Other adsorbents such as Ni on silica or silica [Zanevskii and Peshekhonov, 1990]
can also be added in small amounts to the AC bed for this purpose.  

• The quantity of Xe supplied to the thruster is metered and isolated from prime source
during thruster operation – this can allow for the operation of 2 or more multiple
thrusters at virtually any combination of Xe flow rates regardless of the prime source
pressure or state (2-phase or compressed gas).  (See Figure 6.)

• The AC Storage Flow Regulator provides a disconnect between the prime Xe source
and thruster.  Since it operates at temperatures above the Xe critical T there should
never be any 2-phase Xe complications (i.e., the primary storage tank could be
supercritical or 2-phase).

• AC could be used in conjunction with CG primary storage to prevent two-phase fluid
from entering the thruster (See Figure 7.)

• The materials are vastly less expensive than current commercial pneumatic regulators
(priced at about $90,000).  We estimate the cost of the ACSFR to be about 2 orders of
magnitude less.

• The operation of the AC Storage Flow Regulator is simple and non-mechanical.

• Zero power is needed by the AC Storage Flow Regulator when not in use, and only
minimal power is required during Xe thruster duty cycles.

• The presence of the AC bed in the overall storage system provides for a backup Xe
sink in case of high pressure/temperature excursions or pre-launch. Similarly, the
presence of the AC may be designed to reduce overall system pressure during pre-
launch.

• The system could be designed to use waste heat from PPU to heat the AC storage bed
rather than an autonomous heater.

In summary, we believe this technology could provide reliable and versatile Xe flow control for
XIPS at a lower cost, weight and complexity compared to current flow regulators. This device
also offers fully independent operation amenable to multiple thruster and flow setpoint systems.
The activated carbon may also prove to be a means to purify the Xe in situ prior to use in the
thruster.

VII. POTENTIAL APPLICATIONS

The commercial and NASA application for this technology is Xe ion propulsion. This
technology could be applied to earth-orbit satellites and also for longer term planetary or lunar
missions whereby larger quantities of Xe are required.
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Activated carbon storage could also be used with a primary compressed gas storage to eliminate
complications related to two phase fluids.  Activated carbon could also be used in combination
with two-phase storage in long-term, large-quantity storage of Xe as a boil-off capture and reuse
system.

Mainstream has a patent pending for the technology.

0 200 400 600
Pressure, psia

Figure 1.—Pressure-temperature relationship for SorboNorit 3 activated carbon for a range of
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Comparison of W* for AC (SUPRA A) and CG Xe storage at 25 °C
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Figure 2.—Comparison of XIPS system weights for AC and CG.
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Figure 3.—Comparison of XIPS system densities for AC and CG.
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Figure 4a, b.—Breadboard system with schematic of components.
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Figure 5.—Photographs of ACSFR prototype.
   (For reference, ruler length is 10 inches).
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Figure 6.—Multiple ACSFR's providing feed to multiple thrusters independent of
   primary CG source and other thrusters.
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APPENDIX A

ADSORPTION ISOTHERMS FOR ACTIVATED CARBONS
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Figure A-3.—DARCO KB capacity �* with pressure.
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APPENDIX B

LABVIEW PROGRAM
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APPENDIX C

SUMMARY OF BREADBOARD EXPERIMENTS
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APPENDIX D

GRAPHICAL RESULTS OF BREADBOARD EXPERIMENTS

For all of the following graphs:

Xe Flow Rate in sccm – SOLID LINES
Carbon Bed Temperature or Pressure – DASHED LINES
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